Introduction
The electrical output of a solar thermal electric plant is inherently in a state of change, being dictated by both predictable and unpredictable variations-the influences of load and weather. In either event, utility system needs may require a fully functional storage system to mitigate the changes in solar radiation or to meet demand peaks.
A distinct advantage of solar thermal power plants compared with other renewable energies, such as photovoltaics ͑PV͒ and wind, is the possibility of using relatively cheap storage systems that store the thermal energy itself. Storing electricity is much more expensive.
A thermal energy storage ͑TES͒ can collect energy in order to shift its delivery to a later time or to smooth out the plant output during intermittently cloudy weather conditions. Hence, the operation of a solar thermal power plant can be extended beyond periods of no solar radiation without the need to burn fossil fuel. Times of mismatch between energy supply by the sun and energy demand can be reduced.
This survey will mainly concentrate on thermal storage systems for state-of-the-art parabolic trough power plants-the SEGS ͑Solar Electric Generating System͒ plants* operated in California. The SEGS plants are Rankine-Cycle power plants, with design steam conditions up to 100 bar and 371°C. A schematic flow diagram of a SEGS type power plant is shown in Fig. 1 . The inlet and outlet solar field temperatures in the later SEGS plants are 293°C and 393°C respectively, with a synthetic high temperature oil used for the HTF.
A thermal energy storage can also be used in other parabolic trough systems, for example with an Integrated Solar Combined Cycle ͑ISCCS͒. An ISCCS plant is a Combined Cycle plant that is extended by a solar steam generator. Compared to a conventional Combined Cycle an ISCCS has a larger steam turbine to accept both the solar steam flow and the steam flow from the waste heat recovery boiler.
Scope of this Paper.
The purpose of this survey is to identify and selectively review previous work done on the evaluation and use of thermal energy storage systems applied to parabolic trough power plants. Appropriate storage concepts and technical options are first discussed, followed by a review of previous work. This review is divided into two parts: work done before 1990 and work done after that date. This division was chosen because much of the work currently cited in this field was carried out and reported prior to 1990, and a key objective of the review was to highlight more recent results though they are less plentiful. Finally, observations and conclusions on the status of TES systems for trough plants are put forward, based on the body of literature covered.
Use of Thermal Energy Storage.
The principle options for using TES in a solar thermal system highly depend on the daily and yearly variation of radiation and on the electricity demand profile. As suggested above, the main options are:
1. Buffering during transient weather conditions 2. Dispatchability or time-shifting 3. Increase of annual capacity factor 4. More even distribution of electricity production The goal of a buffer is to smooth out transients in the solar input caused by passing clouds which can significantly affect operation of a solar electric generating system ͑SEGS͒ plant. The efficiency of electrical production will degrade with intermittent insolation, largely because the turbine-generator will frequently operate at partial load and in a transient mode. If regular and substantial cloudiness occurs over a short period, turbine steam conditions and/or flow can degrade enough to force turbine trips if there is no supplementary thermal source to ''ride through'' the disturbance. Buffer TES systems would typically require small storage capacities ͑maximum 1 h full load͒.
Dispatchability or time-shifting of the delivery period requires the use of a larger storage capacity. The storage shifts some or all of the energy collected during periods with sunshine to a later period with higher electricity demand or tariffs ͑electricity tariffs can be a function of hour of the day, day of the week, and the season͒. This type of TES does not necessarily increase either the solar fraction or the required collection area. The typical size ranges from 3 to 6 hrs of full load operation.
A TES for increasing the annual capacity factor will be of similar size ͑3-12 hrs of full load͒. However, the purpose is to extend the period of power plant operation with solar energy. This TES increases the solar fraction and requires larger solar fields than a system without storage.
Technical Storage Options
Thermal energy storage can be classified by storage mechanism ͑sensible, latent, chemical͒ and by storage concept ͑single medium or dual media͒.
Storage Media.
Thermal storage can utilize sensible or latent heat mechanisms or heat from chemical reactions. Sensible heat is the means of storing energy by increasing the temperature of a solid or liquid. Latent heat, on the other hand, is the means of storing energy via the heat of transition from a solid to liquid state. Table 1 shows the characteristics of candidate solid and liquid sensible heat storage materials and potential phase change ͑latent͒ heat storage media.
For each material, the low and high temperature limits are given. These limits, combined with the average mass density and heat capacity, lead to a volume-specific heat capacity in kWh t per cubic meter. The table also presents the approximate costs of the storage media in US$ per kilogram, finally arriving at unit costs in U.S. Dollar/kWh t .
The average thermal ͑heat͒ conductivity given in the table has a strong influence on the heat transfer design and heat transfer surface requirements of the storage system, particularly for solid media ͑high conductivity is preferable͒. High volumetric heat capacity is desirable because it leads to lower storage system size, reducing external piping and structural costs. Low unit costs obviously mean lower overall costs for a given thermal capacity.
Sensible Heat
Storage. Thermal energy can be stored in the sensible heat ͑temperature change͒ of substances that experience a change in internal energy. The stored energy is calculated by the product of its mass, the average specific heat, and the temperature change. Besides the density and the specific heat of Transactions of the ASME PROOF COPY 010202SLE
the storage material, other properties are important for sensible heat storage: operational temperatures, thermal conductivity and diffusivity, vapor pressure, chemical compatibility among materials, stability, heat loss coefficient as a function of the surface area to volume ratio, and cost.
2.1.1.1 Solid media. For thermal storage, solid media usually are used in packed beds, requiring a fluid to exchange heat. When the fluid heat capacity is very low ͑e.g., when using air͒, the solid is the only storage material. But when the fluid is a liquid, its capacity is not negligible, and the system is called a dual storage system. Packed beds favor thermal stratification, which has advantages. Stored energy can easily be extracted from the warmer strata, and cold fluid can be taken from the colder strata and fed into the collector field.
An advantage of a dual system is lower cost due to the use of inexpensive solids such as rock, sand, or concrete for storage materials in conjunction with more expensive heat transfer fluids like thermal oil. However, pressure drop and, thus, parasitic energy consumption may be high in a dual system. This has to be considered in the storage design.
The cold-to-hot temperature limits of some solid media in Table  1 are greater than could be utilized in a SEGS plant. Table 2 shows the effect on solid media by imposing the SEGS temperature limit of 400°C on the storage medium temperature range, the unit heat capacities, and media costs.
Using these values and judging the options against the guidelines discussed above, the sand-rock-oil combination is eliminated because it is limited to 300°C. Reinforced concrete and salt have low cost and acceptable heat capacity, but very low thermal conductivity. Silica and magnesia fire bricks, usually identified with high temperature thermal storage, offer no advantages over concrete and salt at these lower temperatures. Cast steel is too expensive, but cast iron offers a very high heat capacity and thermal conductivity at moderate cost.
Liquid media.
Liquid media are able to maintain natural thermal stratification because of density differences between hot and cold fluid. To use this characteristic requires that the hot fluid be supplied to the upper part of a storage system during charging and the cold fluid be extracted from the bottom 
part during discharging, or using another mechanism to ensure that the fluid enters the storage at the appropriate level in accordance with its temperature ͑density͒ in order to avoid mixing. This can be done by some stratification devices ͑floating entry, mantle heat exchange, etc.͒. Applying SEGS-type temperature limits of 300°C and 400°C gives the results shown in Table 3 . Both the oils and salts are feasible. The salts, however, generally have a higher melting point and parasitic heating is required to keep them liquid at night, during low insolation periods, or during plant shutdowns. Silicone oil is quite expensive, though it does have environmental benefits because it is a non-hazardous material, whereas synthetic oils may be classified as hazardous materials. Nitrites in salt present potential corrosion problems, though these are probably acceptable at the temperatures required here. ͑The U.S. Solar Two project has selected an eutectic of nitrate salts because of the corrosivity of nitrite salts at central receiver system temperature levels.͒
Latent Heat
Storage. Thermal energy can be stored nearly isothermally in some substances as the latent heat of phase change, that is, as heat of fusion ͑solid-liquid transition͒, heat of vaporization ͑liquid-vapor͒, or heat of solid-solid crystalline phase transformation. All substances with these characteristics are called phase change materials ͑PCMs͒. Because the latent heat of fusion between the liquid and solid states of materials is rather high compared to the sensible heat, storage systems utilizing PCMs can be reduced in size compared to single-phase sensible heating systems. However, heat transfer design and media selection are more difficult, and experience with low-temperature salts has shown that the performance of the materials can degrade after a moderate number of freeze-melt cycles. LUZ International Ltd. proposed evaluation of an innovative phase-change salt concept to the solar community that used a series of salts in a cascade design ͑to be discussed later͒. Table 1 showed, for a number of potential salts, the temperature at which the phase change takes place as well as the heat capacity ͑heat of fusion͒. Data for the salts, that are applicable to SEGS plants, are shown in Table 4 . It can be seen that the heat capacities, at least for the nitrates, are high and unit costs are comparatively low.
Chemical Storage.
A third storage mechanism is by means of chemical reactions. For this type of storage, it is necessary that the chemical reactions involved are completely reversible. The heat produced by the solar receiver is used to excite an endothermic chemical reaction. If this reaction is completely reversible, the heat can be recovered completely by the reversed reaction. Often catalysts are necessary to release the heat. This is even more advantageous, as the reaction can then be controlled by the catalyst.
Commonly cited advantages of TES in a reversible thermochemical reaction ͑RTR͒ are high storage energy densities, indefinitely long storage duration at near ambient temperature, and heatpumping capability. Drawbacks may include complexity, uncertainties in the thermodynamic properties of the reaction components and of the reaction's kinetics under the wide range of operating conditions, high cost, toxicity, and flammability.
Although RTRs have several advantages concerning their thermodynamic characteristics, development is at a very early stage. To date, no viable prototype plant has been built.
Storage Concepts.
Storage concepts can be classified as single medium or dual media storage. In a single medium storage the storage fluid itself circulates through a heat exchanger or a solar receiver. Single medium systems typically utilize tank storage. They can be designed as one tank or two tank systems.
Two prominent examples of two-tank systems for solar electric applications are the storage systems of the SEGS I ͓2͔ and Solar Two plants ͓3-5͔. A two-tank system uses one tank for cold HTF coming from the steam generator and one tank for the hot HTF coming directly out of the solar receiver before it is fed to the steam generator. The advantage of this system is that cold and hot HTF are stored separately. The main disadvantage is the need for a second tank.
The single-tank system reduces storage volume and cost by eliminating a second tank. However, in a single-tank system it is more difficult to separate the hot and cold HTF. Because of the density difference between hot and cold fluid, the HTF naturally stratifies in the tank, from coolest layers at the bottom to warmest layers at the top. These systems are called thermocline storage. Experience with thermocline storage was described by Castro ͓6͔, Dinter ͓7͔, Dugan ͓8͔, and Kandari ͓9͔. Recent work on thermocline storage for parabolic trough systems was done by Pacheco et al. ͓10͔.
The main characteristic of a dual media system is that the storage medium itself does not circulate. Another heat transfer medium, which collects the solar energy, passes through the storage for charging and discharging. The storage medium may be solid, liquid, or PCM.
The main disadvantage of dual media systems is that the HTF temperature decreases during discharging as the storage material cools down. Another problem is the internal heat transfer. Especially for solid materials, the heat transfer is rather low, and there is usually no direct contact between the HTF and the storage material as the heat is transferred via a heat exchanger.
3 State of the Art 3.1 Existing TES Systems in Solar Thermal Plants. Of eight installed thermal energy storage systems in solar thermal electric plants, seven have been of an experimental or prototype nature and one has been a commercial unit. Table 5 gives the characteristics of the existing units. All have been sensible heat storage systems: two single-tank oil thermocline systems, four single medium two-tank systems ͑one with oil and three with salt͒, and two dual medium single-tank systems. To put the size of these systems in perspective, a 30-MW e SEGS plant with a plant efficiency of 35% would require about 260 MWh t for a 3-hr-fullload storage capability. This is considerably larger than any other solar thermal electric storage system built up to now.
All of these systems were successful to varying degrees, recognizing that most were development units that were expected to reveal design flaws or issues as a basis for future design improvements. Both the oil systems and molten salt systems were shown to be technically feasible. While various problems arose due to mistakes in design, construction or operation, no fundamental issues surfaced for these approaches. 
The SEGS I storage system cost was $25/kW t in 1984 dollars, with the oil representing 42% of the TES investment cost. The oil used in the later SEGS plants for operation up to 400°C costs approximately eight times more than the SEGS I oil. This was reason enough that a storage system similar to the SEGS I storage concept was not repeated in later SEGS plants. However, there were other important considerations, such as total system investment, very large tank size requirements, and inflexibility compared to a back-up fossil-fired system.
Summary of Work Performed Before 1990.
This section reviews the most relevant investigations and evaluations carried out prior to about 1990. A valuable overview of the applicability of thermal storage to solar power plants was provided by Geyer ͓1͔. From the storage systems initially considered there, only a few were investigated in detail:
͑a͒ Dual medium sensible heat systems. Two single-tank alternatives were analyzed, one in which HTF oil flows through a storage medium of concrete and another in which the storage medium is solid salt. Cast iron and cast steel were not chosen as storage media for discussion due to high cost, even though they offered thermodynamic advantages.
͑b͒ Sensible heat molten salt system. A two-tank system ͑simi-lar to SEGS I͒ utilizing the HITEC salt was chosen. HITEC is a eutectic mixture of 40% NaNO 2 , 7% NaNO 3 , and 53% KNO 3 with a 142°C melt-freeze point. ͑c͒ Phase-change systems. These higher-risk systems were judged to have high uncertainty in technical feasibility and cost, but were evaluated for their potential in this application. Three different phase-change concepts were evaluated. The first was a LUZ design using five PCMs in a series, or cascade, design ͑see SERI ͓11͔͒. The second was a design by the Spanish company INITEC, which also used five PCMs, but in a different heat exchanger configuration. The third design originated with the German companies Siempelkamp and Gertec ͑SGR͒ and used three commercially available PCMs along with concrete for the higher temperatures.
Storage system designs for the SEGS conditions based on these six concepts were developed by Dinter et al. ͓7͔ . Figure 2 gives results on specific cost of the candidate systems analyzed for a 200 MWh t storage system integrated into a 30 MW e SEGS plant. Generally, the storage costs developed in this assessment vary 
Experience and Research on TES Since 1990.
To analyze the work that has been done since 1990 on thermal storage for troughs, a thorough literature review was carried out. Table 6 , summarizing the literature analysis, lists all identified works that may help in the selection of a candidate storage concept. The main results for the most promising options are discussed below.
Overview of Progress.

Experience at solar two.
The most significant recent work on molten salt storage comes from the experience in the Solar Two Project ͑see ͓3,4͔͒. This prototype facility, decommissioned in 1999, was a 10-MW power tower system using a nitrate eutectic molten salt as the HTF. A schematic of the system is shown in Fig. 3 . Molten salt is pumped from the cold storage tank through the tower receiver and then to the hot storage tank. When dictated by the operation, the hot salt is pumped through the steam generation system and then back to the cold tank. Solar Two is capable of producing 10 MW e net electricity. A number of lessons on the equipment design, material selection, and operation of molten salt systems were learned during the 1-1/2 years of testing and evaluation.
Solar Two used an efficient, molten nitrate-salt thermal-storage system ͓4͔. It consisted of an 11.6-m-diameter by 7.8-m-high cold-salt storage tank, a 4.3-m-diameter by 3.4-m-high cold-salt receiver sump, an 11.6-m-diameter by 8.4-m-high hot-salt storage tank, and a 4.3-m-diameter by 2.4-m-high hot-salt steam generator sump. The design thermal storage capacity of the Solar Two molten salt system was 105 MWh t -enough to run the turbine at full output for 3 hours. The measured gross conversion efficiency of the 12-MWe ͑10-MWe-net͒ Solar Two turbine was 33%. Actual thermal storage capacity based on the mass of salt in the tanks, accounting for ͑subtracting͒ the 3-ft. heels in each tank, and with design temperatures-565°C hot salt, 290°C cold salt-was 114 MWh t .
The system contained 1.5 million kilograms of nitrate salt composed of a mixture of 60% NaNO 3 and 40% KNO 3 , provided by Chilean Nitrate Corporation ͑New York͒. This salt melted at 220°C and was thermally stable to about 600°C.
Even with the very prototypical nature of Solar Two ͑i.e., poor availability, frequent outages, first-year operation, etc.͒, over several months the thermal losses to the environment were only 6% of collected energy. If the plant ran with higher availability, i.e., typical mature operation, the factional amount of stored energy lost to the environment would only be about 2% of collected energy.
There were no major operational problems with the thermal storage system and, in general terms, the system ran satisfactorily. Typically, the plant started using the stored energy within an hour or two after the receiver began collecting energy. Scenarios were also run, however, to demonstrate dispatching energy several times or to demonstrate the production of a constant output of electricity at night and through clouds. No barriers to future implementation were evident.
Concrete.
Limited prototype testing has been done on the concrete-steel thermal storage concept. Between 1991 and 1994, two concrete storage modules were tested at the storage test facility at the Center for Solar Energy and Hydrogen Research Figure 4 shows the prototype concrete module installed in the center's laboratory. The test results gained at ZSW in principle confirm the performance predictions given by Baddruddin, et al. ͓18͔ . Based on these tests, a numerical calculation model for concrete storage was developed by Ratzesberger ͓20͔. He recalculated the cost for storage and obtained a price of $40/kWh t in 1994 U.S. dollars. This is slightly higher than the number given by Dinter. As a next step in the development of concrete storage, a project has recently been proposed to the EU ͑European Union͒ by a European team ͓25͔. In the proposal, it is projected that storage costs of $26/MWh t in commercial scale can be realized.
Summarizing the work performed on concrete storage up to now, it can be concluded that this concept presents a relatively cheap option of thermal storage. The feasibility has already been proven in laboratory tests. The highest uncertainty still remains in the long-term stability of the concrete material itself after thousands of charging cycles 3.3.1.3 Phase change material. Following the recommendations of the SERI workshop held in 1988 ͓11͔, the ZSW, Germany, started to investigate storage using PCM. It was found by Dinter et al. ͓7͔ that PCM storage has a relatively high heat capacity per volume and offers the lowest cost of all concepts investigated in this study ͑see also Fig. 2͒ .
A major objective was to investigate the heat transfer mechanism of different PCM salts during phase change and of liquid salts ͓26,27͔. In the work of Hunold, only one storage module filled with one salt was investigated in each case. Hunold showed that phase change storage is technically feasible and proposed a storage design built out of a shell and tube heat exchanger in a vertical orientation, enhancing natural convection and heat transfer. He selected the nitrate NaNO 3 , with a melting point at 305°C, as appropriate storage material for the SEGS-type power plants.
Michels ͓22͔ experimentally investigated a configuration of three different modules connected in series ͑cascade design͒. He used the nitrates KNO 3 , KNO 3 /KCl, and NaNO 3 .
In his experiments, Michels proved the high utilization factor of a cascaded PCM storage. However additional experiments are required to verify the feasibility of a five-stage cascaded storage. Also additional design studies have to be performed to optimize the sizes of each stage, to select the appropriate material for the storage tank for each salt and to evaluate the cost.
Chemical energy storage.
In the SERI workshop, it was concluded that chemical energy storage is an attractive option in longer term and may offer relatively low cost. Based on a preliminary cost assessment, the hydroxide/oxide reaction between CaO and H 2 O was mentioned as one possibility ͓28͔.
Subsequently, the Pacific Northwest Laboratory ͑PNL-now the Pacific Northwest National Laboratory-PNNL͒ conducted a study funded by the U.S. Department of Energy to investigate the feasibility for chemical energy storage based on this reaction. The report by Brown et al. ͓13͔ concluded that this type of storage is, in principle, applicable under the SEGS temperature conditions. However, the study was based only on theoretical analysis and basic experimental investigations, and information was somewhat limited due to proprietary restrictions. The authors could not determine if the dynamics of the reaction fit with the requirements of storage for solar power plants, and also concluded that the question of proper integration into the solar power system remained unsolved. Costs were roughly estimated to be about $45/kWh t . No further development of this type of storage could be identified through the literature review, and it appears that considerable work is required to develop a chemical energy storage system with a hydroxide/oxide reaction for commercial application.
Development of another type of chemical storage seems to be more advanced, namely the solar ammonia energy storage developed by the Australian National University ͓15,16͔. In this system, liquid ammonia is dissociated in a solar reactor into hydrogen and nitrogen. The energy is recovered in an ammonia synthesis reactor. The ammonia system was developed for use with parabolic dishes, but theoretically can also be used in the temperature range of parabolic trough collectors.
The first small-scale solar test facility was set up and has been operating for more than a year. The nominal solar input into the system is 1 kW. At this scale, it is clear that potential scale-up to a multi-megawatt system would be a significant undertaking.
Current estimates are that a 10-MW plant built largely from industry standard or proven components will cost about $100 million ͑U.S., 1999͒ ͓15͔.
Observations and Conclusions
The following observations are based on the body of literature examined in this survey:
• There have been no major bold developments in the field of thermal energy storage systems for trough power plants in the 1990s compared to prior work. However, there have been important contributions furthering work on candidate systems previously identified.
• No evidence was found that the design and development of chemical storage for parabolic trough applications has been significantly advanced in the last decade, though some useful evaluations have been carried out.
• Useful laboratory-scale testing on several PCM modules was carried out by ZSW. The results substantiate the prior conclusion that these systems offer promise, and further work appears rewarding.
• Concrete storage was successfully tested in laboratory-scale.
• Within the context of the Solar Two project, a prototype twotank molten salt system of 105 MWh t thermal capacity containing a nitrate salt eutectic was successfully tested over a 1.5-yr period.
These observations lead to the following conclusions:
The only storage concepts which have been demonstrated in large scale are the two-tank storage systems ͑SEGS I ͓oil͔ and Solar Two ͓molten salt͔͒ and the oil-rock thermocline ͑Solar One͒. The use of molten salt as storage medium ͑such as HitecXL͒ is much cheaper than using the solar field heat transfer medium itself for storing thermal energy. Figure 1 shows a schematic drawing of a two-tank storage integrated with a SEGS plant. According to Dinter et al. ͓7͔ , the cost for such storage is about $41/kWh t . Kelly and Herrmann ͓23͔ confirmed this number in a recent study. The storage cost is only about $30/kWh t , if a less expensive nitrate salt is used as storage medium ͑see Kearney and Herrmann ͓24͔͒, like the salt used in the Solar Two project. Other potentially cost-effective storage developments, like concrete or PCMs, are significantly less advanced then the two-tank systems.
Based on media cost, field experience and technical confidence, we conclude that the most cost-effective near-term option for thermal storage for parabolic trough power plants is currently a twotank storage system, with molten salt as storage medium.
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